Stomata are small pores in the epidermis that are flanked by two guard cells (Figure 1, top panel) . Stomata open in response to diverse stimuli, such as light, high CO 2 , or pathogen effectors. Stomata close in response to contrasting stimuli, including darkness, low CO 2 or pathogen elicitors. Simply put, an increase in turgor pressure will open them and a decrease in turgor pressure will close them. The turgor pressure is substantial! In opened guard cells of Vicia faba (a frequently used model, because the guard cells are large) it is about 50 atmospheres -what a deepsea diver would experience at 500 m (the free diving record is 250 m). Note though, that the guard cells are pushing out on the cell wall with that pressure, whereas a diver is being pushed on by the water.
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In this highlighted article, Woolfenden et al. (2017) set out to understand, in a biomechanical sense, how reversible stomatal dynamics can be accomplished. The work is a collaboration between the labs of Richard Morris and Silke Robatzek. How did Richard, a theoretical physicist whose main focus had been computational approaches to understand calcium oscillations important in establishing symbiosis in legume nodules, and Silke, a plant biologist whose primary emphasis had been on the roles of vesicle trafficking in the plant's response to pathogens, come to collaborate and develop a 3-D model of stomatal opening? Richard attended one of Silke's seminars, wherein she showed images of guard cells and discussed opening and closing behavior of stomata and how some mutants are more susceptible to pathogens. Afterwards, they got to talking about what might be going on. It became clear that biomechanics might have a role to play and that a computational model would help in understanding different mutant phenotypes. Richard then recruited a postdoc to the project, Hugh Woolfenden. Hugh's Ph.D. was in applied mathematics and he had previous postdoctoral experience in fluid mechanics and biomathematical modeling.
So, how to build the model? The cell wall is composed of cellulose microfibrils that are cross-linked and embedded in a matrix composed of pectin and hemicellulose. They knew the elastic moduli for the major components of the cell wall: cellulose, hemicellulose, lignin. The elastic modulus defines the relationship between mechanical stress and strain, or, simply put, how much a substance changes in length under a given force. However, despite this knowledge of the components, how the cell wall behaves as an entity under stress was not known.
As a first step in building their model, they used the parameters used for a previous model (Cooke et al., 1976) that had been developed using the kidney-shaped guard cells of Vicia faba. In the Cooke et al. model, the cell wall was considered isotropic, that is, the elastic modulus was independent of the direction of stretch. Using those parameters, Woolfenden et al. perplexingly found that when the turgor pressure in the guard cells was increased to experimentally determined values, the pore did not open, but In order to test their model, they then acquired a set of 20 well-characterized mutant lines from the Molina lab in Madrid, Spain. Each mutant was perturbed in a given cell wall component. They tested all 20 lines and then selected 3 mutants they deemed most relevant for testing the importance of matrix stiffness and fiber strength. The irx8 mutant is deficient in xylose, a component of hemicellulose, and affects cellulose microfibril cross-linking. The stomata of ixr8 open and close, but have a slightly larger pore. The pmr5 and pmr6 mutants had more pectin, specifically more arabinan. To experimentally induce stomatal opening, they used fusicoccin, a fungal diglycoside that activates plasma membrane H+ ATPase proton pumps. After fusicoccin treatment, all 3 mutants had more open stomata than those of wild type, consistent with the notion that matrix stiffness and fiber strength are important.
Richard offered an analogy: the components of a mattress are steel (springs), cotton and foam, but the mattress as a whole is more than its parts -we couldn't predict how a mattress behaves under pressure just from the knowledge of the mechanical properties of its components -how they are arranged is important. But we can infer the resulting properties by studying shape changes. Silke added that they now have a simple recipe for stomatal dynamics: geometry, material properties, and pressure. The pressure changes are the output of signaling -in this vein, it is interesting that the timing of opening and closing can vary depending on the stimulus. For example, ABA treatment can achieve closed stomata in 30 minutes, while microbial elicitors are slower.
What's next? All models are simplifications and make assumptions when defining parameters. Refinements will likely be needed, as predictions are experimentally tested. Their model was developed with kidney-shaped guard cells, and will require modifications for stomatal dynamics in grass species, where the guard cells are flanked by subsidiary cells. Nonetheless, this model is a significant advance -it is a 3-D model, not a shell (2-D) model, and as such it will likely stimulate interest among biomechanics researchers. Lastly, given the rising CO 2 levels on earth, an ability to model stomatal dynamics will be increasingly important.
